###### Implications

-   The new system for estimating protein quality of human foods, which is called "Digestible Indispensable Amino Acid Score" or DIAAS, allows for calculation of the amino acid quality of food proteins that are based on ileal digestibility rather than total tract digestibility and values for each amino acid may be calculated.

-   By recognizing the pig as an appropriate model for determining DIAAS values in human food proteins, a procedure for the standardized measurement of DIAAS values in a large number of food proteins has been established.

-   Because digestibility values for amino acids in individual food proteins are additive in mixed meals, DIAAS values for mixed meals may be calculated. By comparing DIAAS values of mixed meals to the requirements for digestible indispensable amino acid, the amino adequacy of the meal may be calculated.

-   Animal proteins such as meat and milk have greater DIAAS values than plant proteins, but by complementing plant proteins with low DIAAS values with animal proteins with greater DIAAS values, balanced meals that are adequate in all amino acids can be provided.

Introduction {#s1}
============

The characterization of proteins based on their nutritional value and optimization in human diets has been a lasting discussion over the years. Research focusing on protein malnutrition was largely conducted after the identification of kwashiorkor and the realization that many children globally are suffering from subclinical protein malnutrition. To address protein malnutrition, the composition and digestibility of proteins must be determined. Proteins consist of individual amino acids and the sequence and digestibility of each AA varies among proteins. The Food and Agriculture Organization of the United Nations (FAO) has developed methods to evaluate the protein quality of food items and, in 2011, the Digestible Indispensable Amino Acid Score (DIAAS) was recommended as the successor to their previous method: Protein Digestibility Corrected Amino Acid Score (PDCAAS). In the new DIAAS system, each indispensable amino acid is recognized as an individual nutrient and use of the DIAAS system offers a number of advantages in preparation of meals that are adequate in amino acids.

Indispensable Amino Acid Malnutrition {#s2}
=====================================

An estimated 815 million people globally are affected by undernutrition with one in four children under the age of 5 suffering from chronic undernutrition ([@CIT0006]). The cost of undernutrition is approximately 2.1 trillion USD per year ([@CIT0009]). Undernutrition is a global issue; however, sub-Saharan Africa and Southern Asia are among the countries with the greatest prevalence of child chronic malnutrition ([@CIT0006]). These regions heavily rely on diets composed of cereal grains, such as sorghum, wheat, rice, or maize, which are limiting in indispensable amino acids such as lysine ([@CIT0003]; [@CIT0022]; [@CIT0006]; [@CIT0001]). Cereal grains also undergo a variety of processing methods prior to consumption, which may decrease protein and amino acid digestibility ([@CIT0005]; [@CIT0008]).

In 1933, a severe disease related to protein deficiency was identified by Cicely Williams: kwashiorkor ([@CIT0026]). Kwashiorkor is nearly exclusive to children 1 to 2 yr of age and is characterized by general edema, swollen abdomens, and flaky skin ([@CIT0026]). In addition, it was noted that kwashiorkor was mainly associated with children being weaned on maize-based diets ([@CIT0026]), which are limiting in lysine ([@CIT0003]). Kwashiorkor is a very severe form of protein deficiency; however, there are many children suffering from subclinical protein malnutrition ([@CIT0021]).

Around 1970, the study of undernourished children shifted from focusing on protein and amino acids to energy and micronutrients under the assumption that the majority of children are consuming adequate amounts of protein ([@CIT0021]). However, protein and amino acid deficiencies continued to be addressed by researchers and in 2016, a relationship was identified between chronic undernutrition of children (or stunted children) and low serum levels of all nine indispensable amino acids ([@CIT0021]). In addition, [@CIT0010] calculated the risk of protein inadequacy in different countries using estimates of total protein and utilizable (digestible) protein. The risk of protein inadequacy ranged from 0.7% in North America to 37.2% in East and South Africa ([@CIT0010]). These data contributed to reemphasize the need for providing meals that are adequate in all indispensable amino acids. However, to provide meals that are adequate in all indispensable amino acids, the quality of the protein in each food item needs to be determined and mixed meals need to be adjusted for protein quality by complementing low-quality proteins with higher quality proteins. The quality of protein in a food item is primarily determined by the concentration of the first limiting indispensable amino acid and the prececal---or ileal---digestibility of all indispensable amino acids.

Diaas Principles {#s3}
================

The DIAAS methodology was developed to overcome multiple limitations of the previous method, PDCAAS, used to evaluate protein quality ([Figure 1](#F1){ref-type="fig"}). A number of reviews outlining the limitations of the PDCAAS method have been published ([@CIT0027]; [@CIT0002]; [@CIT0012]; [@CIT0019]; [@CIT0008]); however, PDCAAS will continue to be used until a sufficient database of ileal digestibility and DIAAS values are generated for commonly consumed human foods. There is therefore a need to generate DIAAS values for food proteins commonly consumed in different areas of the world.

![Differences between the protein digestibility corrected amino acid score (PDCAAS) system and the digestible indispensable amino acid score (DIAAS) system.](vfz038f0001){#F1}

Pig vs. rat animal model {#s4}
------------------------

The human is considered the best subject to determine ileal amino acids digestibility values for humans; however, the FAO has recognized that when values cannot be determined in the human, the growing pig is the more appropriate animal model compared with the growing rat ([@CIT0008]). The pig is superior to the rat because it is a meal-eating species, similar to humans ([@CIT0012]). In addition, the gastrointestinal anatomy of the pig is similar to that of humans, and the physiology and metabolism response to nutrients ingested by pigs are comparable to humans ([@CIT0012]). In addition, the rat has a unique requirement for sulfur containing amino acids because of the high concentration of cysteine in the fur, but this is not the case for the pig ([@CIT0004]). It is, therefore, recommended that DIAAS values of food proteins are determined from ileal digestibility values of amino acids that are obtained in the growing pig if values cannot be determined in humans ([@CIT0008]).

Amino acid vs. protein digestibility {#s5}
------------------------------------

The DIAAS methodology determines the digestibility of each individual amino acid. This is arguably the most significant change in the transition from PDCAAS to DIAAS because the potential differences of individual amino acid digestibility are now considered. This is especially important for food items that have been processed or heated, as well as for food items that have a high concentration of antinutritional factors. Processing, heating, and antinutritional factors can decrease the bioavailability or digestibility of different amino acids ([@CIT0017]; [@CIT0012]). As an example, the epsilon amino group of lysine is very susceptible to reacting with a reducing sugar at high temperatures and the associated Maillard reactions will reduce the concentration as well as the digestibility of lysine ([@CIT0017]). This is extremely relevant when determining the protein quality of diets based on a mixture of food proteins. For example, a mixed diet based on cereal grains may appear to meet the crude protein requirement for an age group; however, certain amino acids may not be present in adequate amounts and diets based primarily on cereal grains do usually not meet the requirement for digestible lysine. Therefore, it is important to treat each individual amino acid as a single nutrient when evaluating the digestibility and quality of a protein.

Ileal vs. total tract digestibility {#s6}
-----------------------------------

Amino acid absorption takes place entirely in the small intestine of pigs, humans, and all other animals ([@CIT0017]; [@CIT0024]). However, the PDCAAS methodology determined protein digestibility from fecal samples ([@CIT0007]). Proteins synthesized by microbes and other nondietary proteins also end up in fecal contents, which will result in an overestimation of PDCAAS for low-quality proteins ([@CIT0016]). Therefore, the DIAAS methodology recommends amino acid digestibility be measured at the end of the small intestine ([@CIT0008]). The most common method to measure this in pigs is by surgically inserting a T-cannula into the end of the small intestine ([@CIT0025]). This method is effective and is being used across the globe to determine the ileal digestibility of amino acids associated with many foods and food ingredients. By collecting digesta at the end of the small intestine, it is also possible to directly calculate the small intestinal digestibility of each individual amino acid and, therefore, apply unique digestibility values to each amino acid. In contrast, fecal collections, as used in the PDCAAS methodology, only allow calculation of the digestibility of crude protein. This value is then applied to all amino acids assuming that the digestibility of all amino acids is the same, which has been demonstrated not to be a correct assumption ([@CIT0016]).

Values greater than 100 vs. truncation {#s7}
--------------------------------------

The PDCAAS methodology requires values greater than 100% to be truncated to 100% ([@CIT0008]), due to the assumption that consuming amino acids at a concentration greater than the human amino acids requirement does not provide addition nutritional benefit ([@CIT0019]). However, this approach fails to recognize the ability of high-quality proteins to complement low-quality proteins in mixed meals. Humans almost always consume a combination of ingredients during each meal and under such conditions, high-quality proteins are used to balance low-quality proteins to provide a complete meal that is nutritionally adequate in all amino acids.

Therefore, the DIAAS methodology does not truncate values at 100% and an example of the benefit of this is a mixed meal of milk and wheat ([Figure 2](#F2){ref-type="fig"}). Wheat has a DIAAS value of 45 ([@CIT0016]); however, when wheat is processed in the form of a breakfast cereal, it may only have a DIAAS value of 1 ([@CIT0018]). In contrast, milk has a DIAAS value of 118 ([@CIT0018]). The calculated DIAAS value of a mixed meal of 60% milk and 40% breakfast cereal is 107 ([@CIT0018]), demonstrating the ability of milk to complement wheat resulting in a balanced meal that meet the requirement for all indispensable AA. Likewise, it was recently demonstrated that milk and eggs are efficient in complementing low-quality plant proteins to improve the DIAAS value ([@CIT0023]). Although legumes generally have a greater DIAAS value than cereal grains, they are limiting in methionine and may contain antinutritional factors that often reduce the absorption of amino acids or micronutrients ([@CIT0018], [@CIT0023]). Consequently, animal proteins are more effective in increasing the protein quality of mixed meals and meeting human amino acid requirements than proteins from legumes.

![The calculated digestible indispensable amino acid score (DIAAS) value of a mixed meal of 60% milk and 40% wheat based breakfast cereal is 107, demonstrating the ability of milk to complement wheat resulting in a balanced meal that provides 100% of human AA requirements.](vfz038f0002){#F2}

Protein Claims {#s8}
==============

Based on the FAO recommendation, DIAAS values can be calculated for three age groups; 1) infants from birth to 6 mo, 2) children from 6 mo to 3 yr, and 3) children older than 3 yr, adolescents, and adults ([@CIT0008]). Upon determination of DIAAS for a specific food item and age group, a protein claim can be made and added to its food label ([@CIT0008]). This claim is based on the determined DIAAS value and, therefore, takes into account the bioavailability of amino acids and amino acid concentrations relative to human amino acids requirements. If a food item has a DIAAS value greater than 100, it can be considered an "excellent" quality protein source for the specific age group. A food item can be considered a "good" quality protein source if the DIAAS value is between 75 and 99. However, a food item with a DIAAS value less than 75 cannot have a claim made for protein ([@CIT0008]). Generally, animal proteins (i.e., dairy, eggs, and meat) are considered "excellent" quality proteins with DIAAS values greater than 100 ([Table 1](#T1){ref-type="table"}; [@CIT0018]; [@CIT0016]; [@CIT0014]). In contrast, plant proteins and cereal grains generally have DIAAS values that are less than 75, with the exception of soy protein that usually has a DIAAS value between 75 and 100 and oats with a DIAAS value around 75 ([@CIT0003]; [@CIT0018]; [@CIT0016]; [@CIT0001]; [@CIT0013]).

###### 

Digestible indispensable amino acid scores (DIAAS) and first-limiting amino acid (AA) in parentheses determined for human foods using the pig or rat model

                                   Reference protein pattern                                       
  -------------------------- ----- --------------------------- ----------------- ----------------- ------------
  Cereal grains                                                                                    
  Corn, yellow dent, raw     Pig   --                          --                48 (lysine)       [@CIT0003]
  Millet, cooked             Rat   --                          10 (lysine)       --                [@CIT0013]
  Oats, rolled, cooked       Rat   --                          54 (lysine)       --                [@CIT0018]
  Rice, polished, cooked     Rat   --                          37 (lysine)       --                [@CIT0013]
  Sorghum, raw               Pig   --                          --                29 (lysine)       [@CIT0003]
  Wheat, raw                 Pig   37 (lysine)                 45 (lysine)       54 (lysine)       [@CIT0016]
  Wheat, whole, cooked       Rat   --                          20 (lysine)       --                [@CIT0013]
  Plant proteins                                                                                   
  Kidney beans, cooked       Rat   --                          59 (SAA)          --                [@CIT0018]
  Peas, cooked               Rat   --                          58 (SAA)          --                [@CIT0018]
  Soy protein isolate        Pig   68 (SAA)                    84 (SAA)          98 (SAA)          [@CIT0016]
  Dairy proteins                                                                                   
  Milk protein concentrate   Pig   85 (tryptophan)             120 (SAA)         141 (SAA)         [@CIT0016]
  Skimmed milk powder        Pig   81 (threonine)              105 (SAA)         123 (SAA)         [@CIT0016]
  Whey protein concentrate   Pig   71 (AAA)                    107 (histidine)   133 (histidine)   [@CIT0016]
  Meat proteins                                                                                    
  Beef, raw                  Pig   --                          97 (valine)       --                [@CIT0014]
  Beef, boiled, 71 °C        Pig   --                          99 (valine)       --                [@CIT0014]
  Beef, roasted, 71 °C       Pig   --                          91 (valine)       --                [@CIT0014]

First-limiting amino acid (AA) is in parentheses. Unreported DIAAS values for certain reference patterns are noted by "--." SAA = sulfur AA; AAA = aromatic AA.

A DIAAS value greater than 100 indicates that if the food item is consumed in an amount equivalent to the estimated average requirement for protein (i.e., 0.66 g kg^−1^ d^−1^; [@CIT0015]), 100% or more of the human amino acid requirements will be met for the day. However, the protein content listed on the food label is not indicative of the quality of amino acids in the food ([Figure 3](#F3){ref-type="fig"}). For example, peas may have a high quantity of protein, but with a DIAAS value of approximately 64 it has a low quality, whereas milk has both a high quantity of protein and high quality of amino acids with a DIAAS of 122. As a consequence, an individual would have to consume more than twice as much pea protein compared with milk protein to meet the human amino acid requirements. This illustrates that both the quantity and the quality of protein are important when using DIAAS to formulate meals adequate in all amino acids.

![Example of the use of digestible indispensable amino acid score (DIAAS) values in making protein quality claims and how it differs from protein quantity claims. Adopted from [@CIT0008].](vfz038f0003){#F3}

Protein Complementation {#s9}
=======================

The DIAAS methodology enables the determination of complementary proteins ([@CIT0008]). Values for DIAAS in individual ingredients are calculated by first determining the standardized ileal digestibility of each amino acid in a food protein. This value is then multiplied by the concentration of that amino acid in the protein to calculate mg digestible amino acid per g protein. A digestible indispensable amino acid reference value is then calculated for each amino acid by dividing the concentration of digestible amino acid by the reference value for a specific age group. The DIAAS value is subsequently determined as the least value among the digestible indispensable amino acid values for the digestible indispensable amino acids ([Figure 4](#F4){ref-type="fig"}).

![Steps in calculating digestible indispensable amino acid score (DIAAS) values. First, the standardized ileal digestibility (SID) of amino acid (AA) in the test food is determined in the human, pig, or rat. Then, this value (SID of AA in Test Food) is multiplied by the analyzed concentration (mg) of the same AA in a g of crude protein (CP) for the test food. Lastly, the calculated mg SID of each AA per gram of CP is divided by the same AA requirement level for a specific age group. This results in a calculated digestible indispensable AA (DIAA) reference value for each AA and the AA in least concentration is the DIAAS value assigned to the test food.](vfz038f0004){#F4}

In addition, the protein quality of mixed meals can be determined due to the additivity of DIAAS values calculated for ingredients ([@CIT0008]). These two aspects of the DIAAS methodology are useful in evaluating and recommending diets consumed in developing countries that may not be adequate in amino acids. For example, polished rice (DIAAS of approximately 60) is limiting in lysine, but has a high concentration of digestible sulfur amino acids. As a consequence, rice may complement peas (DIAAS of approximately 58) that are limiting in digestible sulfur amino acids and high in lysine ([@CIT0018]). The combination of these two ingredients may provide a balanced amino acid pattern in a mixed meal. Another example is how meat, a good-quality protein with a DIAAS of approximately 99 ([@CIT0014]), can complement wheat, a cereal grain limiting in lysine with a DIAAS of approximately 54 ([@CIT0016]), to provide all amino acids that are greater than or equal to human AA requirements. [Table 1](#T1){ref-type="table"} summarizes DIAAS values for common ingredients that have been published and determined in the growing rat or the growing pig. [@CIT0013] determined DIAAS values in cereal grains commonly produced in China. However, DIAAS values need to be determined in ingredients commonly consumed in developing countries to accurately determine the protein quality of diets consumed. This will make it possible to make recommendations on how meals that are balanced in amino acids can be prepared, which will contribute to reducing the prevalence of protein malnutrition.

Summary {#s10}
=======

Protein undernutrition is a serious global problem that results in stunted growth, disease, and premature death in millions of people annually. Protein deficiency is caused by a deficiency in specific indispensable amino acids and efforts to alleviate protein malnutrition, therefore, need to focus on the provision of adequate quantities of digestible indispensable amino acids. The digestibility of amino acids is most correctly determined at the end of the small intestine, and digestibility values obtained using this approach are termed "ileal digestibility values." The total protein provision to an individual is based on the sum of digestible indispensable amino acids consumed in a meal. The protein quality of a single ingredient is less important than the quality of the mixed meal that is consumed. To assist in calculating the protein quality of meals for humans, the FAO recommends that a system called the "Digestible Indispensable Amino Acid Score" or DIAAS be used. This system is based on the ileal digestibility of each amino acid in individual protein foods, but allows for the calculation of the quality of a meal consisting of a number of protein foods. The system can then be used to assess the quality of total protein intake consumed as a meal. Comparison of this value to the requirements for indispensable amino acids by humans can be used to estimate an individual's protein status.
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